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Report E-910093-31 

Investigation of Gaseous Nuclear Rocket Technology -- Classified Programs (u) 

Quarterly Progress Report No. 1 3 - C  - September 16 through December 15, 1966 

The c lass i f ied  portion of the investigation of gaseous nuclear rocket technology 
is  designed t o  have par t icu lar  application t o  a vortex-stabilized engine concept 
which is  based on the t ransfer  of heat by thermal radiation from gaseous nuclear 
f u e l  held i n  posit ion by the  f l u i d  forces i n  a vortex t o  seeded hydrogen propellant 
passing*over the fie1 region. 
mental studies of t he  f lu id  mechanics of vortex flow t o  determine c r i t e r i a  f o r  f u e l  
containment and studies of the effect  of the r e su l t s  of  these investigations on the 
character is t ics  of ful l -scale  engines. During the th i r teen th  quarter, tests at high 
Reynolds numbers were i n i t i a t e d  using a vortex tube employing directed w a l l  j e t s  f o r  
inject ion of the simulated propellant, Preliminary r e su l t s  were obtained from the 
rotating-peripheral-wall s t a b i l i t y  experiments and from an analysis t o  determine the 
effect  of several different variables (including the subst i tut ion of hydrogen for 
helium as a moderator coolant) on overal l  engine character is t ics .  
a l so  completed which relates the various measures of time constant i n  a vortex tube 
t o  the f u e l  costs i n  a ful l -scale  engine. 

Included i n  these programs are  theore t ica l  and experi- 

A n  analysis was 

The investigation described herein i s  being carr ied out under Contract NASw-847 
with the  National Aeronautics and Space Administration through the  Space Nuclear 
Propulsion Office. 



DISCUSSION 

Vortex Fluid Mechanics Investigations 

The primary objective of the  FY 1967 vortex f l u i d  mechanics investigations i s  
t o  determine whether the a e l  containment character is t ics  t ha t  were measured i n  pre- 
ceding tests can be improved. 
high Reynolds number test f a c i l i t y  was put in to  operation during t h i s  report period. 
This w i l l  allow t e s t ing  of directed-wall-jet configurations having tube length-to- 
diameter r a t io s  from 1.0 t o  3.0 at axial-flow Reynolds numbers corresponding t o  a 
ful l -scale  engine. 
two-component gas t e s t s  were conducted with the t e s t  equipment used i n  the FY 1966 
research program. Experiments directed toward increased understanding of the  sta- 

A new directed-wall-jet vortex tube f o r  use i n  the  

While the new vortex tube was being constructed, additional 

b i l i t y  of vortexes with and without 
the rotat ing s t a b i l i t y  water-vortex 

New Directed-Wall-Jet Vortex Tube 

A new directed-wall- je t  vortex 
the high-Reynolds-number (HRN) test  
(DWJ) configurations were conducted 

superimposed ax ia l  flow were continued using 
apparatus. 

tube was designed, constructed and ins ta l led  i n  
f a c i l i t y .  Previous tests of directed-wall-jet 
at axial-flow Reynolds numbers below approxi- 

mately 1 0 0 , O O O a d  at only one vortex tube length-to-diameter r a t i o  (L/D = 3.0). 
The new vortex tube w i l l  allow tes t ing  at axial-flow Reynolds numbers up t o  approxi- 
mately 5OO,OOO using air as the l i gh t  gas. 
w a l l  can be adjusted t o  provide values of L/D from 1.0 t o  3.0. 

The posit ion of the nonaxial-flow end 

The light-gas inject ion system is similar t o  tha t  used i n  the previous tests 
with directed-wall jets (see Fig. 1 of Quarterly Progress Report No. 104). 
vortex tube is 10 in.  i n  diameter and 30 in. long and has 900 individually direct-  
able inject ion ports spaced uniformly on the peripheral  w a l l .  
in ject ion port through one of 15 separate plenums surrounding the vortex tube. 
Each plenum supply pipe has i t s  own flow meter and control valve. The l i gh t  gas is 
injected essent ia l ly  tangent t o  the peripheral w a l l  of  the vortex tube and can have 
both circumferential and a x i a l  components of inject ion velocity. 
port areas up t o  45 in.2 are at ta inable  using ports  having different  inject ion s l o t  
heights. 
traverse" method employed i n  the FY 1966 high-Reynolds-number gas-vortex tests (see 
description i n  Quarterly Progress Report No. 12-6). 

The 

The flow enters an 

Total inject ion 

Measurements of heavy-gas t i m e  constant are made using the "radial  

Shakedown tests with the  new directed-wall-jet vortex tube were completed and 
i n i t i a l  routine tests were in i t i a t ed .  
f iguration having the most promising l ight-gas in jec t ion  dis t r ibut ion tes ted  t o  
date ( inject ion angle var ia t ion from @j = 0 deg, or no ax ia l  component, at the 

These i n i t i a l  tests employ an L/D = 3.0 con- 
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nonaxial-flow end wall t o  Pj = 63.5 deg at the axial-flow end wall; see Table I and 
Fig. 3 of Quarterly Progress Report 12-C). The t e s t s  will cover the range from low 
axial-flow Reynolds numbers up t o  approximately 5OO,OOO using air as the l i gh t  gas. 
Subsequent tests w i l l  include (1) tests with configurations having L/D = 1.0 and 
2.0, (2 )  tests employing helium as the l i gh t  gas, (3) tests with an intermediate 
gas buffer layer between the heavy and l i gh t  gases, and (4) tests with flow with- 
drawal through the center of the axial-flow end w a l l  t o  create  a radial-inflow type 
of vortex. 

Measurements of Heavy-Gas Time Constants 

Tests Employing Multiple-Fixed-Port Vortex Tubes . . . . . . . . . . . . . . . . . . . . . . . . .  
Additional tests were conducted i n  the high-Reynolds-number test  f a c i l i t y  using 

the multiple-fixed-port vortex tubes fabricated f o r  the FY 1966 research program. 
These three vortex tubes were described i n  Quarterly Progress Report No. 124; a 
typica l  tube is  shown i n  Fig. IA. 
of velocity through 4284 holes d r i l l e d  at an angle of approximately 19 deg with 
respect to the  loca l  tangent t o  the peripheral w a l l .  The t o t a l  inject ion port areas 
of the vortex tubes are A j  = 13.1, 20.5, and 40.2 in .  . 
as the  l igh t  gas, and a fluorocarbon (FC-77) was used as the heavy gas. 

Light gas i s  injected without ari ax ia l  component 

2 I n  a l l  tests, air was used 

The objectives of these t e s t s  e r e :  

(1) To determine the effect  of changes i n  axial-flow Reynolds number on heavy- 
gas containment i n  multiple-fixed-port vortex tubes f o r  values of ReZ,w up t o  ap- 
proximately 5OO,OOO, and 

(2)  To obtain preliminary data  on the e f fec t  of changes i n  vortex-tube length- 
to-diameter r a t i o  on heavy-gas containment. 

Data f o r  the three L/D = 3.0 configurations are presented i n  Figs. 2 through 
4. Data for the  L/D = 1.0 configuration (i.e., the L/D = 3.0 vortex tube having an 
inject ion area of Aj = 40.2 in.2 with the axial-flow end w a l l  relocated at 10 in .  
from the nonaxial-flow end wall) i s  presented i n  Fig. 5.  
constant decreased with increasing heavy-gas density r a t i o  and with increasing 
axial-flow Reynolds number. 

The dimensionless time 

These trends have been observed i n  a l l  previous tests. 

The ef fec ts  of changes i n  axial-flow Reynolds number on the dimensionless time 
constants f o r  these four  configurations are shown i n  Fig. 6. 
tained by crossplott ing the  data appearing i n  Figs. 2 through 5 at a heavy-gas 
density r a t i o  of pF, /pp, = 0.2. 
a t ion  of the minimum dimensionless time constank ( f o r  the light-gas and heavy-gas 
filly mixed before entering the  vortex tube) with ReZ,,,, f o r  the two  values of L/D. 

This figure was ob- 

Also shown i n  Fig. 6 a re  l i nes  indicating the vari-  
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The minimuq dimensionless time constant varies d i rec t ly  with L/D and inversely with 
ReZ,w; i.e., T / T ~  N (L/O)/Re,,,. 

F~ l M t N  

Several conclusions may be drawn from Fig. 6. F i r s t ,  f o r  a l l  three L/D = 3.0 
configurations, it appears t ha t  the dimensionless time constant, T decreases at  

FI ' , with increasing Re,,,. approximately the  same rate as the minimum value, 
This is  more evident i n  Fig. 7 where the r a t i o  T /T 
three vortex tubes over the complete range of axial-fyow Reynolds numbers, It w i l l  
a l so  be noted tha t  the inject ion area, and hence the r a t i o  of the average ax ia l  
velocity i n  the vortex t o  the average light-gas inject ion velocity T2,,/Vj , appears 
t o  have no s ignif icant  e f fec t  on containment. 

is between 2 and 4 f o r  a l l  ' ~ lmiN  

'1 Fl I N  

For the L/D = 1.0 configuration, the dimensionless time constants were less 
than those f o r  the  L/D = 3.0 configurations at values of Rel,, l e s s  than about 
200,000 (Fig. 6) and were about equal at values of Re,,, above 200,000. 
cated i n  Fig, 7, rFI hFIM, 
Re,,, = 400,000 f o r  the LYD = 1.0 configuration. 
increasing Re,,, may be s ignif icant  and it w i l l  be investigated fur ther  using the 
new directed-wall-jet vortex tube i n  the next series of tests. 

As  indi- 
increased from about 5 at Re,:, = 50,000 t o  about 9 at 

This difference i n  the trend with 

Figure 8 i s  a revised version of the correlation of T F ~  1 TF, with Vz,w/Vj 
MIN 

that was presented i n  Fig. 6 of Quarterly Progress Report No. 1 2 - C .  
sented i n  Fig. 8 were obtained using configurations i n  which the heavy gas was 
injected at the center of the nonaxial-flow end wall ,  whereas Fig. 6 of Quarterly 
Progress Report No. 1 2 - C  contained data obtained using configurations having three 
different  heavy-gas inject ion configurations. 

has not teen substantiated i n  recent tests with heavy-gas inject ion only through 
the center of the nonaxial-flow end w a l l .  The data presented i n  Fig. 8 show that,  
f o r  heavy-gas inject ion at the  center of  the nonaxial-flow end w a l l ,  there  was no 
s ignif icant  e f fec t  of %,dVj on rFI/t . It is also important t o  note tha t  at 
this  axial-flow Reynolds number ( ReZaw = ?O,OOO) and heavy-gas density r a t i o  
( pFI/pp, = O . l 5 ) ,  the  t w o  configurations having the highest containment parameters 
were (1) directed-wall-jet inject ion with L/D = 3.0 and inject ion angle var ia t ion 
from 0 t o  63.5 deg (see Fig. IB), and (2 )  multiple-fixed-port inject ion with 
L/D = 1.0. 
be conducted using the new directed-wall-jet vortex tube. 

All data pre- 

The apparent t rend of decreasing 
with increased v2,, /Vj discussed i n  Quarterly Progress Report No. 1 2 - C  7FI /fF, MI 

FIMI 

This has been taken in to  consideration i n  planning the ini t ia l .  tests t o  

Results of tests t o  determine the effect  of axial-flow exhaust annulus geometry 
on the c ntainment character is t ics  of the L/D = 3.0 configuration having Ai = 
13.1 i n ,  
annulus was changed and the  s t r u t s  i n  the  axial-flow exhaust plenum (normally 
present) were removed. 
of these changes on the containment character is t ics  of the flow. 

8 are shown i n  Fig. 9. I n  these tests, the inner radius of the exhaust 

The r e su l t s  indicate tha t  there were no appreciable e f fec ts  

4 
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The directed-wall- j e t  t e s t  f a c i l i t y  constructed for the  FY 1966 research pro- 
gram was also used f o r  additional tests during t h i s  report period. This f a c i l i t y  
was described i n  Quarterly Progress Report No. 12-C; the  L/D = 3.0 directed-wall- 
jet vortex tube used i n  these tests is shown i n  Fig. 1B. 
with both tangent ia l  and ax ia l  components of velocity through 600 directable w a l l  
j e t s .  
at the  nonaxial-flow end w a l l  t o  45 deg at the axial-flow end wa l l .  
component of inject ion velocity and mass flow per uni t  length were approximately 
uniform along the  l e  
area was A j  = 9.7 in.  . 

Light gas is  injected 

For these tests the angle of inject ion varied from 0 deg (no axial component) 
The tangent ia l  

h of the tube f o r  a l l  tests. The t o t a l  light-gas inject ion 7 
Heavy-gas time constants were measured for a configuration i n  which the heavy 

gas was injected with swirl near the center of the nonaxial-flow end w a l l .  Details 
of the heavy-gas inject ion cpnfiguration t e s t ed  a re  presented i n  the tab le  i n  
Fig. 10. Both the new data and previous data for heavy-gas inject ion without swirl 
from a duct at the center of the nonaxial-flow end w a l l  are shown i n  Fig. 10 for 
comparison. The data for heavy-gas swirl inject ion show a moderate increase i n  

about 0.2. 
flow has been s ignif icant ly  a l tered.  

compared w i t h  the  data without swirl f o r  heavy-gas density r a t io s  above 
However, t h i s  increase i s  not suf f ic ien t ly  large t o  indicate tha t  the  

7F, ~TF,,,n 

Summary of Principal Results 

A series of  flow visual izat ion t e s t s  was conducted with r ad ia l  outflow and 
superimposed ax ia l  flow. 
axial-flow Reynolds number (Re,,,), r ad ia l  Reynolds number ( Rer ), outer tube rota- 
t i o n  rate, inner tube ro ta t ion  rate, and s ta t ionary and rotat ing end walls. The 
pr incipal  r e su l t  of the tests was that the combination of large vz,,/V+and large 
R e Z w  produced unstable flow, while the combination of s m a l l  vtJV,#, and small Re,,, 
prdduced s table  flow. Stable flow was observed only f o r  values of Re,,, less than 
3000 and values of vz,w/V+ less than 0.02. 
these preliminary r e su l t s  indicate unstable flow would be expected at the combi- 
nations of v,,, /V+ and Re,,, used i n  the two-component-gas vortex tests. 

Flow patterns were examined f o r  various combinations of 

It is also s ignif icant  t o  note tha t  

Axial-flow tests at  a value of Rez,, of 16,000 and values of /V+ of  0.20 
and 0.25 were also conducted with r ad ia l  inflow by removing the centerline porous 
tube and by withdrawing flow through the port i n  the centerline of  the axial-flow 
end w a l l  at a r ad ia l  Reynolds number of 90. 
rotat ing end walls, whereas t e s t s  with r ad ia l  outflow at the same values of Re,,, 
and Vz,w/V+ were unstable. 
be destroyed, however, by inject ing flow through a port i n  the center of the 
nonaxial-flow end wa l l .  The inject ion r ad ia l  Reynolds number required t o  cause 
turbulence was -45 and -60 fo r  rotat ing and stationary end walls, respectively. 

The flow was s table  with stationary o r  

The s t a b i l i t y  of the r ad ia l  inflow configuration could 

- 5  
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Testing of the basic vortex configuration (no superimposed axial flow) with 
r ad ia l  outflow was resumed t o  obtain tangent ia l  velocity prof i les  by the par t ic le-  
t race method. However, at  the present time, only one tangent ia l  velocity prof i le  
has been obtained due t o  mechanical d i f f i c u l t i e s  t ha t  developed i n  the  rotat ing 
s t a b i l i t y  apparatus. A modification was required t o  eliminate an eccentr ic i ty  of 
the driving shaft, The apparatus was inoperative f o r  a period of four weeks while 
the  modification was completed. 

The single tangent ia l  velocity prof i le  obtained ( for  Re, = -30 with the end 
walls and outer tube rotat ing together) is  shown i n  Fig. 11. 
f i l e  obtained i n  the 2144-port-injection vortex tube ( a l l  walls fixed; see Ref .  I). 
I n  the  2144-port tube, the vortex was driven by jets at the  peripheral wal l ;  flow 
was injected through the centerline porous tube, and flow was withdrawn through 
bypass ducts at the  peripheral  w a l l .  I n  the rotat ing s t a b i l i t y  apparatus, flow was 
injectedthrough the  centerline porous tube and was withdrawn through the rotat ing 
wall. The net outflow rad ia l  Reynolds number i n  both cases was Re, = -30. There 
i s  essent ia l ly  no difference i n  the tangent ia l  velocity profiles;  however, there 
was a rad ica l  difference i n  the appearance of the two flows. The flow i n  the 
2144-port-injection vortex tube was turbulent everywhere, while the flow i n  the 
rotat ing s t a b i l i t y  apparatus was laminar everywhere, including i n  the  end-wall 
boundary layers (see Fig. 11 of Quarterly Progress Report 12-C). 
pat tern with the same Re,, but with stationary end walls (see Fig. 11 of Quarterly 
Progress Report No. 12-C), was laminar t o  a radius of about 2.5 in.  and turbulent 
at la rger  rad i i .  
whether jets at a fixed w a l l  o r  a rotat ing outer w a l l )  has considerable influence 
on the s t a b i l i t y  of the  flow. 

Also shown i s  a pro- 

The observed flow 

This indicates tha t  the method of driving the vortex (i.e., 

A sketch of the streamlines f o r  a typ ica l  laminar, radial-outflow case as ob- 
tained from flow visual izat ion observations of dye patterns i n  the r - z  plane is  
shown i n  Fig. 12. This sketch i s  f o r  f l u i d  inject ion through a stationary inner 
porous tube and f o r  end walls rotat ing with the outer tube. 
flow was given i n  Quarterly Progress Report No. 12-C. The location of the  inner 
stagnation radius is  a unique function of Re, and Re+ (i.e., the outer tube rota- 
t i o n a l  speed). 
ing Re+; at constant Re+ the inner stagnation radius increases with increasingly 
negative values of Re, (i.e., with more f l u i d  injected through the porous tube). 
This occurs only f o r  laminar flows. 
flows were observed t o  occur fo r  Re,>-37. 
t i o n  t o  turbulent flow was observed ( tha t  is, a l te rna te ly  laminar and turbulent 
flow) i n  the r igh t  end-wall boundary layer  at a radius of about 3 in.  
turbulence, i n  turn, caused portions of the primary flow t o  become turbulent. The 
axial extent and the duration of the  observed turbulence varied with outer-tube 
ro ta t iona l  speed. 
axial extent of the  turbulence from the r igh t  end w a l l  was about 5 in., and the 
duration of the turbulence wsts about 50 sec; the duration of the laminaz flow was 
about 90 sec, The remaining portions of the vortex flow, including the left-end 

A description of t h i s  

A t  constant Re, the  inner stagnation radius decreases with increas- 

For th i s  flow configuration, completely laminar 
However, at  Re, = -37, periodic t rans i -  

This 

For example, at a ro ta t iona l  speed of 40 rpm ( Re+ = 67,000)~ the 
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wall boundary layer, remained laminar. As  ro ta t iona l  speed was increased, the  ax ia l  
extent and duration of turbulence was increased. 
continuously near the r igh t  end wall. 
speed; the other portions of the flow remained laminar. 

A t  Re, < -37, turbulence occurred 
Its axial extent was a function of ro ta t iona l  

Future e f fo r t s  i n  the basic vortex configuration w i l l  be directed toward com- 
plet ion of the par t ic le- t race t e s t s  t o  obtain tangent ia l  velocity profiles.  

Engine Design 

Three modifications t o  the specif ic  gaseous nuclear rocket engine configuration 
as presented i n  Ref .  2 were investigated t o  determine t h e i r  e f fec ts  on overal l  
design and perfomance. 
l i n e r  tubes with pyrolytic-graphite-coated beryllium tubes, (2) elimination of the 
heavy water moderator, and (3) subst i tut ion of hydrogen f o r  helium i n  the moderator 
coolant c i r cu i t .  
vestigated are l is ted i n  Table I. 
of R e f .  2, Configuration B incorporates modification (1) above; Configuration C 
incorporates modifications (1) and ( 2 ) ,  Configuration D incorporates modifications 
(1) and (3); and Configuration E incorporates a l l  three of the  modifications. The 
e f f ec t s  on the moderator configuration, operating conditions, and engine weight, 
exclusive of pressure vessel, are discussed. 

These modifications were (I) replacement of the tungsten 

The specif ic  combinations of these modifications which were in- 
Configuration A represents the or ig ina l  design 

Beryl l ium Liner Tubes 

The use of beryllium l i n e r  tubes reduces the amount of tungsten i n  the  inner 
l i n e r  region and eliminates the bimetall ic tungsten-beryllium jo in t s  where the  
tubes jo in  the beryllium l i n e r ,  The basic configuration of the  l i n e r  tubes i s  
similar t o  the or ig ina l  design and is shown i n  Fig. 8 of R e f .  2. 

Because of the  high cavity w a l l  temperatures (-5000 R )  and the high radiant 
2 and convective heat f lux ( N 2360 Btu/sec-ft ), the  beryllium tubes must be sur- 

rounded by an insulator  such as pyrolytic graphite. The pyrolytic graphite is 
coated with niobium carbide t o  protect it from the  hot hydrogen i n  the cavity. It 
is  assumed tha t  t he  pyrolytic graphite is  deposited on the  beryllium tubes i n  such 
a manner tha t  the  thermal conductivity is low i n  the r ad ia l  direction 
(- 1.8 x 
(- 1.7 x The r a t i o  of pyrolytic graphite thickness t o  half  
circumference is on the order of 0.3, and a comparison of the quotient of the ther- 
m a l  conductivity and distance predicts a relatively uniform circumferential temper- 
a ture  dis t r ibut ion.  The en t i r e  surface area of the l i n e r  tube was used as a heat 
t ransfer  area i n  the  calculation of the film temperature drop and the required tube 
diameter. 

Btu/sec-ft-deg R )  and i s  high i n  t h e  circumferential direct ion 
Btu/sec-ft-deg R ) .  

7 
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A comparison of the  design character is t ics  of the l i n e r  tubes for the various 
configurations is shown i n  Table 11. 
tube configurations are based on a m a x i m u m  beryllium temperature of 1500 R. 

The operating conditions f o r  the  beryllium 

Referring t o  Configuration B, where helium is used as a moderator coolant and 
the heavy water moderator is  present, the calculations predict  an extremely high 
pressure loss i n  the tubes. The pressure of the  heavy water moderator establishes 
a minimum inlet temperature t o  the tubes of 900 R and allows only 600 R for a f i lm 
temperature drop i n  the tubes. The required f i lm temperature drop can be achieved 
only by a s m a l l  tube diameter ( -  0.031 in.  ) with a high dynamic pressure ( N 8 a t m )  
or a change i n  tube length which would modif'y the inner l i n e r  configuration. 
the  heavy water is removed, the  i n l e t  temperature is reduced t o  564 R and the 
resul t ing configuration is  shown as Configuration C . 

If 

If hydrogen i s  used as a coolant, t he  t o t a l  pressure loss i n  the tubes decreases 
by a factor  of 10, and the beryllium tubes could be used with the heavy water pre- 
sent (Configuration D) or with the heavy water removed (Configuration E) .  

E l b i n a t  ion of Heavy Water Moderat or 

The heat generated i n  the  heavy water region of the  moderator is approximately 
5 9.0 x 10 

below 1000 R, it represents a re la t ive ly  low-temperature heat source. 
water'must be cooled by the moderator coolant before it enters  the  l i n e r  tubes, and 
the  combined heat f r o m  the pressure vessel  and the %O raises the coolant i n l e t  t e m -  
perature t o  903 R. Elimination of the D20 lowers the tube inlet temperature t o  
564 R, eliminates the  %O heat exchangers and circulat ion system, and eliminates the 
outer containment s h e l l  of the %O region. The thickness of the beryllium oxide and 
graphite regions is  increased i n  order t o  maintain the 4500 R out le t  temperature. 

Btu/sec and, since the  heavy water must be maintained at a temperature 
The heavy 

The character is t ics  of the moderator region with the  heavy water removed 
(Configurations C and E )  are compared with the design of R e f .  2 i n  Table 111. I n  
addition t o  the weight saving i n  the  so l id  moderator which is  shown i n  the table,  
there is  a decrease of 4.3 in.  i n  the inside radius of the pressure vessel  which 
would reduce the  pressure vessel  weight. 

Substitution of mdrogen as a Moderator Coolant 

The use of hydrogen as a moderator coolant permits a reduction of a fac tor  of 
3.2 i n  the  moderator coolant flow rates i f  the temperature levels are maintained at 
the  same levels  as specified i n  the preliminary design. This reduction i n  flow rate 
is more than enough t o  of fse t  the decreases i n  f l u i d  density, and the  Qmamic pres- 
sure is reduced by a fac tor  of 5 t o  10 depending on the f l u i d  temperature. 
of the cooling hole and piping dimensions are held constant, the t o t a l  coolant pres- 
sure drop would be reduced f'rom 35 t o  7 a t m  and the  pumping power requirements 

If a l l  
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reduced. 
i n  order t o  reduce the engine weight. A comparison of piping s izes  and weights is 
shown i n  Table IV. 
40 percent reduction i n  the weight was possible with a hydrogen moderator coolant. 

Another a l ternat ive i s  t o  reduce the piping and heat exchanger dimensions 

A redesign of the  high-temperature heat exchanger showed a 

The use of hydrogen as a moderator coolant makes it necessary t o  coat the 
graphite moderator with niobium carbide i n  order t o  protect it from at tack by the  
hot hydrogen. The quantity of niobium carbide necessary as a function of pressure 
drop i n  the graphite region is shown i n  Fig, 13. 
thickness used i n  engine Configuration D (8.7 in . )  and a 0.002 in .  niobium carbide 
coating on the cooling hole surfaces. 
cooling passages, approximately 15 l b  are required t o  coat the  graphite i n  the 
region of the propellant and coolant i n l e t s .  

This plot  is  based on the graphite 

I n  addition t o  the niobium carbide on the 

Total Engine Weight 

A comparison of t o t a l  engine weight exclusive of pressure she l l  f o r  the con- 
figurations investigated is shown i n  Table V. 
absorbing area of the tungsten-184 and niobium carbide a re  l i s t e d  t o  show the  rela- 
t ive amounts of neutron absorbing materials present i n  the various configurations. 

I n  addition t o  t o t a l  weights, the 

Configurations C and E have a smaller outside diameter than the preliminary 
design and would have additional weight reductions i n  the pressure vessel. 

Cr i t i ca l i t y  CaYculat ions 

Cr i t i ca l i t y  calculations were made fo r  a modification of the engine design of 
Ref .  3 i n  which the  s ize  of the exhaust nozzle approach s l o t  was reduced by a 
factor  of 2. Two-dimensional diffusion theory calculations indicated a c r i t i c a l  
mass f o r  t h i s  configuration of 43.1 lb .  
c r i t i c a l  mass of 42.2 l b  from Ref. 3 based on interpolation from. the other 
configurations. 

This mass compares w e l l  with a predicted 

Work on estimating the c r i t i c a l  mass requirements f o r  the four engine modifi- 
cations described i n  the preceding section was in i t ia ted .  The replacement of the 
tungsten-184 l i n e r  tubes with niobium carbide coated, pyrographite insulated, 
beryllium tubes and redesign of moderator dimensions has required the calculation 
of additional neutron cross section l ib rar ies .  Twenty-four-group cross sections 
have been calculated f o r  niobium carbide and one-dimensional diffusion theory cal- 
culations are underway from which k-group cross sections w i l l  be produced f o r  the 
new reflector-moderator configurations f o r  later use i n  2-D c r i t i c a l i t y  calculations e 
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Interpretat ion of Fuel Loss Rate Parameters 

Criteria f o r  Acceptable Fuel Loss Rate 

I n  the following discussion, it is assumed tha t  economics w i l l  govern the mini- 
mum acceptable loss  rate of nuclear f u e l  from a gaseous nuclear rocket engine. 
determining t h i s  acceptable f u e l  loss  ra te ,  it is necessary t o  specify a mission f o r  
the engine, 
Ref .  4 i n  which the gaseous-nuclear-rocket-powered vehicle is boosted by a 
Saturn I - C  launch vehicle, after which the gaseous nuclear rocket engine i s  employed 
t o  accelerate the  vehicle in to  orb i t  and thence t o  a velocity 50,000 f t /sec greater  
than o rb i t a l  velocity. 
engine stage and two tankage stages. 
assumed t o  have the following character is t ic  (see Refs. 1, 2, and 3): 
impulse, 2150 sec; thrust ,  1.24 x 10 
5.0; and cavity pressure, 1000 a t m .  The conditions i n  the  cavity of t h i s  engine 
are given i n  Table V I .  
accelerate a payload of 285,000 l b  through the velocity increment considered. 
there were no loss  of nuclear fuel, the t o t a l  propellant consumed by the gaseous 
nuclear rocket would be approximately 875,000 lb, and the cost m u l d  be $225 per l b  
of payload on the bas i s  of the information i n  Fig. 100 of Ref. 4. 

I n  

I n  the  following discussion, the mission considered will be tha t  of 

It is assumed that there i s  one gaseous nuclear rocket 
The engine considered i n  the analyses i s  

lb; weight, 1.24 x lo5 lb; f u e l  density ra t io ,  

According t o  Fig. 76 of Ref e 4, t h i s  engine could be used t o  

Specific 
6 

If 

The permissible f u e l  loss rate must be judged on the basis  of the difference i n  

According t o  Table V of Ref. 4, the cost of using four stages of solid- 
mission costs calculated using gaseous nuclear rockets and solid-core nuclear 
rockets, 
core nuclear rockets i n  a suborbit-start  mode would be $2,426 per l b  of payload f o r  
the same mission considered f o r  the gaseous nuclear rocket. Thus the  potent ia l  
savings tha t  could be accrued by using a gaseous-core nuclear rocket providing per- 
f ec t  containment rather than solid-core nuclear rockets is $2,426 minus $225 o r  
$2,201 per l b  of payload. 
285,000 lb,  the absolute savings per f l i g h t  would be $6.28 x 10 . Since the payload fo r  the gaseous nuclear rocket i s  

8 

The first reference point f o r  f u e l  loss  rate i n  a gaseous nuclear rocket is 
calculated on the basis  
f o r  the gaseous nuclear rocket as f o r  the solid-core nuclear rocket. 
cost  is  assumed t o  be $7,000 per l b  (as i n  Ref. 4), t h i s  break-even c r i t e r i a  would 
permit loss of 89,700 l b  of nuclear fuel .  
l an t  employed t o  t o t a l  f u e l  l o s s  would be 875,000/89,700 o r  9.76. 
of propellant flow t o  fuel flow would have t o  be considerably greater than t h i s  
value i n  order t o  j u s t i f y  the development of a gaseous nuclear rocket. 

that the t o t a l  cost  per pound of payload would be the same 
If the fue l  

Therefore, t he  r a t i o  of t he  t o t a l  propel- 
The actual  r a t i o  

N e x t ,  assume that the costs  associated with the f l i g h t  o f  a gaseous nuclear 
rocket must be one-third of those for  a solid-core nuclear rocket i n  order t o  ju s t i fy  
engine development. 
l b  of payload. 

Thus the cost per pound of payload would be 2426/3 o r  $808 per 
The allowable cost of the fue l  would be $808 minus $225 o r  

-10 



8 $583 per l b  of payload, or $1.66 x 10 
would be (1.66 x 108)/(7000) o r  23,700 lb, and the r a t i o  of the t o t a l  propellant 
used t o  fue l  l oss  would be 875,000/23,700 o r  36.9. 

Proceeding as before, the t o t a l  fuel loss 

Interpretation of Acceptable Fuel Loss Rates i n  Terms of Time Constant Parameters 

A number of different  f u e l  loss rate parameters have been employed i n  the f l u i d  
mechanics tests described i n  R e f s .  5 and 6 (see a l so  preceding section).  
these is  the f u e l  time constant parameter, tF , which i s  defined as the  f u e l  stored 
(18.1 l b  f o r  the conditions of Table VI) divided by the fue l  flow rate .  
heavy-gas time constants measured i n  the f lu id  mechanics t e s t s  of Refs. 5 and 6 
have been made dimensionless by dividing by the parameter ( p / p ) r :  . 
preting these dimensionless f u e l  time constants i n  terms of the character is t ics  of 
a ful l -scale  engine, it i s  necessary t o  select  the value of p / p  which has the  
greatest  influence on the f u e l  loss rate i n  the ful l -scale  engine. The studies of 
R e f .  4 employed a value of p / p  determined on the basis of the propellant character- 
i s t i c s  at the centerline temperature and the f u e l  cavity pressure. A s  noted i n  
Table VI, the resul t ing def ini t ion of ( p / p ) r f  
s tan t  parameter of 1195 sec. 
parameter on the  basis  of p / p  at the outside edge of the fuel-containment region 
(Station 6) .  This second choice of p i p  provides a v d u e  of ( p / p ) r :  of 2820 sec 
as noted i n  Table VI. 

One of 

Fuel or 

I n  in te r -  

provides a value’of f u e l  time con- 
It is  also possible t o  define the  f u e l  time constant 

Some of the data i n  Refs. 5 and 6 has also been plot ted i n  terms of the r a t i o  
of f u e l  time constant t o  a minimum time constant determined on the basis  of com- 
p le te  mixing of the f u e l  and propellant at injection. 
+F /+F,,,,~ 
choice as t o  the density employed i n  calculating volume flow. 
volume flow, Y 6 ,  was determined by dividing the cavity propellant flow by the 
density at Station 6. A s  noted by the last i t e m  i n  Table VI, the resul t ing minimum 
time constant determined by dividing the cavity volume by the  volume flow is equal 
t o  0.01546 sec . 

I n  converting values of 
from model tests t o  ful l -scale  engines, it is also necessary t o  make a 

I n  Table VI, t h i s  

The in te r re la t ion  between various parameters which are a measure of f u e l  loss 
r a t e  o r  containment t i m e  and various c r i t e r i a  f o r  containment i s  given i n  Table VII. 
I n  addition t o  the economics c r i t e r i a  determined i n  the preceding subsection, a l l  
parameters are calculated on the basis  of three additional c r i t e r i a :  fully-mixed 
flow, a value of rF 
The parameters tFMIN , 
@ through @ of Table VI1 were obtained from Table V I .  The constant employed i n  

evaluating Column 0 was obtained by multiplying the cost  per pound of fue l  
($7,000 per l b )  by the  propellant consumed (875,000 l b )  and dividing by the payload 
(285,000 lb ) .  
of the fuel required (ice., the  change i n  specif ic  impulse due t o  the  change i n  
molecular weight) is  neglected. 

of 0.01, and a r a t i o  of propellant flow t o  f u e l  flow of 10 3 . 
I- 8 

r: , ( p / p ) s  r: , wF and W, used i n  evaluating Columns 

The reduction i n  hydrogen propellant weight resul t ing from the weight 

The constant of 225 used i n  evaluating Column @ 
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represents the costs exclusive of the f u e l  costs.  
s t a t e s  that the  costs must be one-third of those associated with a solid-core 
nuclear rocket lead t o  values of tF/tFMIN of 75.0 o r  a value of rF,,* of O.OOOg7l 
at an axial-flow Reynolds number of 480,000. 

The economic c r i t e r i a  which 

An analysis similar t o  that described i n  t h e  preceding paragraphs f o r  the  
suborbit-start  mission prof i le  was a lso  carr ied out f o r  an orb i t - s ta r t  mission pro- 
f i l e .  If there was no loss of f u e l  from the gaseous nuclear rocket, the cost per 
pound of payload with orb i t  start would be $578 per l b  of payload on the  basis of 
using the same engine, the same payload, and the same required velocity increment 
beyond o rb i t  as f o r  the  suborbit-start  prof i le .  
the costs with orb i t  start using solid-core nuclear rockets would be $2,703 per l b  
of payload. The required r a t i o  of f u e l  time constant t o  minimum f u e l  time constant 
t o  provide overall  mission costs equal t o  those f o r  a solid-core nuclear rocket and 
equal t o  one-third of those for a solid-core nuclear rocket would be 11.0 and 97, 
respectively ( the  corresponding numbers f o r  suborbit start are 19.2 and 75.0, 
respectively, according t o  Table VII), 

According t o  Table V of Ref .  4, 

Comparison of Measured and Required Fuel Time Constants 

The values of the  r a t i o  of heavy-gas time constant t o  minimum heavy-gas t i m e  
constant which have been measured t o  date (see Figs. 1 through 10) are less than 
those required t o  provide overal l  mission costs equal t o  those f o r  a solid-core 
nuclear rocket, and substant ia l ly  less than those required t o  provide mission costs 
equal t o  one-third of the mission costs f o r  a solid-core nuclear rocket (see Table 
VII). It is  expected that the  new configurations which will be employed i n  the new 
directed-wall-jet vortex tube will provide substant ia l  increases i n  heavy-gas time 
constant re la t ive  t o  those which have been obtained t o  date, although it is not 
known whether these increases w i l l  be suff ic ient  t o  lead t o  an economic j u s t i f i -  
cation f o r  developing a gaseous nuclear rocket of the type described i n  Refs. 1 
through 3. However, the investigations of the f l u i d  mechanics of vortex flow also 
provide r e su l t s  which are applicable t o  the  nuclear l i gh t  bulb engine described i n  
R e f .  7. A s  noted i n  R e f .  7, the  required values of axial-flow Reynolds number and 
heavy-gas density r a t i o  f o r  a nuclear l i g h t  bulb engine are on the order of 15,000 
and 0.1, respectively. These values are well within the values which can be 
obtained w i t h  laminar flow i n  a r a d i a l  inflow type of vortex. 
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LIST OF SYMBOLS 

2 2 
Heavy-gas inject ion area, f't o r  in.  

2 
Light-gas inject ion area at vortex tube periphery, f't2 o r  in .  

Diameter of gas vor tex tube  or engine cavity,2rI , f't or in. 

Length of vortex tube o r  engine cavity, f't or in .  

Outer tube angular speed, r p m  

Cavity pressure, a t m  

Pressure drop i n  externalpiping or  moderator coolant holes, a t m  

Dynamic pressure i n  external piping o r  moderator coolant holes, a t m  

Volumetric flow rate of l i gh t  gas, ft3/sec 

Volumetric flow rate through thru-flow ports, ft3/sec 

Volumetric flow rate through axial-flow exhaust annulus, ft3/sec 

Radial distance from centerline of vortex tube, ft o r  in .  

Radius of vortextube,  ft o r  in .  

Reynolds number based on diameter of external piping or moderator 
coolant hole 

Radial Reynolds number (negative f o r  radial outflow), QtJ27rv L ,  
dimens ionless 

Axial-flow Reynolds number i n  fu l l - sca le  engine (see Ref, 4 )  

Equivalent axial-flow Reynolds number, Q,/ (7/1617rr, pp, 

Light-gas o r  water tangent ia l  inject ion Reynolds number, P ~ , V + , ~ ~ ,  /pp, , 
dimensionless 

Heavy-gas o r  f ie1  time constant, WF/WF 

Minimum time constant based on p6, sec 
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LIST OF m 0 L S  (cont'd) 

Temperature at outside edge of fuel-containment region, deg R 

Centerline temperature, deg R 

3 Volume of vortex tube, ft 

Average light-gas inject ion velocity, Qp/Aj , f t / sec  

Average velocity through axial-flow annulus, QZ / (7 /16)~ rf 

Tangential velocity, f t /sec 

Tangential component of l i gh t  -gas in jec t  ion velocity, f t /sec 

, f t /sec 

Cavity propellant flow, lb/sec 

Heavy gas or f u e l  flow rate, lb/sec 

Total  propellant flow, lb/sec 

Amount 
engine 

Cavity 

Cavity 

of heavy gas stored i n  vortex tube or amount of fue l  stored i n  
cavity, l b  

volume, ft 3 

volume flow based on p6, ft3/sec 

Angle between r-+ plane and centerline of light-gas inject ion j e t ,  deg 

Viscosity of l i gh t  gas at vortex tube periphery, lb/sec-ft  

Viscosity at outside edge of fuel-containment region, lb/sec-ft 

Viscosity of propellant at centerline conditions, lb/sec-ft  

Kinematic viscosity, f%*/sec 

Volume-averaged heavy-gas density, 2vF /V, l b / f t  3 

Light-gas density at vortex tube periphery, lb/ft 3 

Density at outside edge of fuel-containment region, l b / f t  3 
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LIST OF SYMBOLS (cont'd) 

3 
B n s i t y  of propellant at  center l ine conditions, lb/f't 

Dimensionless heavy-gas time constant, tfpP, /pp,rf 

Value of T 

pe 
TFI 

F h N  

, dimensionless 

calculated for complete mixing of l i gh t  and heavy gases 
F, 

T 

cb Azimuth angle 

P 



DESIGNATION OF VARIOUS EXGINE CONFIGURATIONS INVESTIGATED 

Engine 
'onf iguration 

A 

B 

C 

D 

E 

Structural 
Material in 
Liner Tubes 

~ung s t en- 184 

Beryllium 

Beryllium 

Beryllium 

Beryllium 

Moderat or 
Coolant 

Helium 

Helium 

Helium 

Hydrogen 

Hydrogen 

Heavy WateY 
Moderat or  

Yes 

Yes 

No 

Yes 

No 

_- 

Remarks 

Original design configur- 
ation Ref. 2 

D20 replaced by 
additional graphite 

D20 replaced by 
additional graphite 



TAl3l3 I1 

COMPARISON OF LINER TUBE CONFIGURAITIONS 

Engine Configuration 
(Refer t o  Table I) 

Tube Material 

Coolant 

Tube Inside Diameter, in. 

Tube Wall Thickness, in.  

Pyro l i t i c  Graphite 
Thickness, in. 

Niobium Carbide 
Thickness, in ,  

Tube Outside Diameter, in. 

Number of Tubes 

Coolant Flow per Tube, 
lb/sec 

Coolant Specific Heat, 
Btu/lb -OR 

I n l e t  Temperature, 'R 

Outlet Temperature, O R  

Total Pressure bss,  a t m  

Total  Tube Weight, lbs 

Tungsten-184 

Beryllium 

Pyrolytic Graphite 

Niobium Carbide 

A 

W-184 

He 

0.165 

0.010 

- 

- 

0.185 

6 . 0 9 ~ 1 0 ~  

1.945~& 

1.25 

903 

1175 

0.1 

566 

566 

- 

- 
- 

B 

Be 

He 

0.031 

0.005 

0.048 

0.002 

0.141 

8 . u o 4  

1 .635~10-~  

1.25 

903 

1175 

35 

1246 

- 
79 

945 

222 

C 

Be 

He 

0.055 

0.005 

0.048 

0.002 

0.165 

6 .28x104 

1.821~10-~ 

1.25 

564 

845 

3.5 

1246 

79 

94 5 

222 

D 

Be 

Ei 

0,031 

0 0 005 

0.048 

0.002 

0 . 141 

8 . ixlo 

L ,63 5~1.0-~ 

4 

I 

3.37 

903 

117 5 

3.4 

1246 

- 
79 

94 5 

222 

E 

Be 

H2 

0.055 

0.005 

0.048 

0.002 

0.165 

6 . 28x10~ 

1 . 8 2 I ~ i O - ~  

3.37 

564 

845 

0.34 

1246 

79 

94 5 

222 
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TABLE IV 

COMPARISON OF EXJXRNAL PIPING CONFIGURATIONS 
WI'M HELIUM AND HYDROGETIS MODERATOR COOLANT 

Engine configuration A,B,C - helium coolant 
Engine configuration D,E - hydrogen coolant 

Engine 
Configuration 

ID,  in. 

OD, in. 

Length, f t  

Number 

Flow Rate, lb/sec 

Fluid Density, 
lb/sec 

Dynamic Pressure, 
atm 

ReD 
(AP/q ) &iction 

( A P 4  ) Turns 

AP ToBal , atm 

In le t  Pressure, atm 

In le t  Temperature, 
deg R 

In le t  S t  at ion 

Volume, f t 3  
Material Density, 

Material Weight, lb  

Insulation OD, in. 

Insulation VOL, r-t;3 
Insulation Density, 

1b/ft3 

1b/ft3 

Insulation Weight, 1% 

Total Weight, lb 

In le t s  
A,B,C 

2 

2.2 

10 

44 
15.1 

8.46 

0.416 

7.8~10 6 

0.462 
1.5 
0.80 

1002.2 

898 

13 
2.02 

115.4 

233 
2.5 

3.36 

124.8 

420 

653 

D,E 

1.45 
1.575 

10 

44 
4.72 

3.1 

0,403 

7. 8x106 

0.516 
1.5 
0.8U 

1000 * 3 

898 

13 
1.08 

115.4 

2 5  

1.875 

2.3 

124.8 

288 

413 

Outlets 
A,B,C 

2.5 
2.6 

10 

44 
15.1 

1.37 

1.05 

1. 51X1O6 

0.511 

1.5 
2,11 

990.1 

4 500 

20 

1.62 

1204 

1950 

3.1 

5.55 

124 . 8 

6% 
2642 

D,E 

1-75 
1.83 

10 

44 
4.72 

0.60 

0 976 

1. 5xlO6 

0.705 
1- 5 
2.15 

998 .O 

4 500 

20 

0.696 

1204 

840 

2.33 
5.01 

124.8 

625 
146 5 

Total weight saving for Configurations D o r  E = 2075 lb 

Connecting Pipes 
A,BYC 

2.25 
2.45 

10 

44 
30.1 

2.72 

3.21 

5.77Xlo6 

0.435 
1.5 
6.21 

981.7 

2400 

22 

, 2 2 6  

540 

13 59 
- 
- 
- 
- 

13 59 

DYE 

1.55 
1.70 

10 

44 
9.48 

1.15 

2.89 

5.77xlo6 

0.536 
1. 5 
5.89 

996 e o  

2400 

22 

1.17 

540 

702 
L 

- 
- 
- 
702 
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TABLE V 

COMPARISON OF TOTAL WEIGHT EX?.3LUSTVE OF PRESSURE VESSEL 
TOTAL QUANTITY OF NEUTRON ABSORBING MATERIALS 

Engine Configuration 

Moderator & Liner Tubes (1) 

~ungsten-184 

Beryllium 

Beryllium Oxide 

Graphit e 

Pyrolytic Graphite 

Heavy Water 

Niobium Carbide 

Piping 

He at  Exchangers 

Total  

Neutron Absorbing Material 

Niobium Carbide 

Weight, l b s  

Absorbing Area(2), em' 

Tungsten- 184 
Weight, l b s  

Absorbing Area(2), em2 

Total  Absorbing Area, cmc 
I 

A 

1,171 

2,611 

9,530 
17, loo 
1,015 

18,750 
0 

10,561 
13,462 
74,200 

0 

0 

1,171 

2,060 
2,060 

B 

50 
2,760 
9,530 
17,100 
2,050 

18,750 
222 

io, 561 
13,462 
74,485 

222 

390 

50 

88 

478 

Weight, l b  

C 

50 
2,760 
10,980 
32,800 
2,050 
0 

222 

io, 561 
13,162 
72,585 

222 

390 

50 

88 

478 

D 

50 
2,760 
9,530 
17, loo 
2,050 

18,750 
2-70 

8,486 
8,200 
67,196 

270 

475 

50 
. 88 

563 

(1) 
(2) 

Includes a l l  i n t e r i o r  piping for moderator coolant and propellant 
Based on neutron absorbing area of  3.67 x cm /gm for NbC and 2 

3.86 x 10-3 em2/@ f o r  W-184 

E 

50 
2,760 

io, 980 
32,800 
2,050 

0 

300 

8,486 
7,900 
65,296 

300 

529 

50 
88 

617 



TAB= V I  

CONDITIONS I N  CAVITY OF REFEFBNCE EZJGINF, DESIGN 
Information Obtained from Ref. 4 

Cavity diameter, D 

Cavity length, L = 6.0 ft 

= 6.0 f't 

3 Cavity voLUme, x = 169.5 f t  

Cavity propellant flow, WC = 236 lb/sec 

Total propellant flow, WT = 575 lb/sec 

Cr i t i ca l  mass, wF = 18.1 l b  

Cavity pressure, P = 1000 a t m  

Temperature at  outside edge of fuel-containment region, T6 = 102,000 R 

Density at outside edge of fuel-containment region, p6 = 0.0215 lb/f t3  

Viscosity at outside edge of fuel-containment region, 

Time constant parameter evaluated using p and p at Station 6, ( p/p )Grf =2820 see 

p6 = 6.85 x 10-5 lb/sec - ft 

Centerline temperature, T, = 136,000 R 

Density of propellant at centerline conditions, 

Viscosity of propellant at centerline conditions, ,u8 = 11.9 x 10-5 lb/sec - ft 

pa = 0.0158 lb / f t3  

Time constant parameter, evaluated using centerline conditions, ( p / p  r,2 = 1195 see 

Axial-flow Reynolds number i n  ful l -scale  engine (see R e f .  4), Re, - - 480,000 

Cavity volume flow based on p6 , ~6 = w,/p6 = 10,960 ft3/sec 

Minimum time constant based on p6,  t = x/Y6 t 0.01546 SeC 
F6MlIu 
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PHOTOGRAPHS OF MULTIPLE -FIXED - PORT AND 
DIRECTED -WALL-JET VORTEX TUBES 

a.) MULTIPLE-FIXED-PORT VORTEX TUBE, Aj = 13.1 SQ IN. 

LENGTH, L = 301N. DIAMETER, 0 = IO IN. 

b.) DIRECTED-WALL-JET VORTEX TUBE, ALL JETS AT pj = 45 DEG 

LENGTH, L = 30 IN. OIAMETER, 0 = 10 IN. 

FIG. I 
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e a  FIG. 2 fkf WITH HEAVY-GAS 

DENSITY 

0,002 

i 
L i  

,' b 

0.001 
F 
i 
a z 
t; z 
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0,0005 0 

5 
F 

W 

v) 
v) 
W 
J z 
v) z 
W 

0 

r 0.0002 
n 

0.0001 

RATIO FOR THE MULTIPLE -FIXED -PORT VORTEX TUBE 
HAVING Aj = 13.1 IN2 AND L/D = 3.0 

HEAVY-GAS INJECTION AT CENTER OF NONAXIAL- FLOW END WALL 
- 

VELOCITY RATIO, VzIw /V+,j : 0.38 

ALL DATA FROM TESTS IN HIGH-REYNOLDS-NUMBER TEST FACILITY 

A 

OPEN SYMBOLS - UPPER TRAVERSE 

SOLID SYMBOLS -LOWER TRAVERSE 

0.05 0.1 0.2 0.5  
HEAVY-GAS DENSITY RATIO, PF, /pp, 

I 
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D 
0 

ON OF” ~~I&lEl&34~ WITH HEAVY-GAS 

49,000 8 I , 600 0.00027 

101,000 169,000 0.00013 

DENSITY 

0 
A 

0.002 

b!- 0.001 

2 
I-” z 
v, z 
0 
0 

158,000 263,000 0.000086 
199,000 332,000 0.000069 

0.0005 
5 
F: 

0 

v, 
v) 
W 
-1 z 
0 
v) z 
W 
5 
5 0.0002 

287,000 I 478,000 10.000048 

0.0001 

RATIO FOR THE MULTIPLE -FIXED-PORT VORTEX TUBE 
HAVING Ajz20.5 IN2 AND L I D  = 3.0 

HEAVY - GAS INJECTION AT CENTER OF NONAXIAL- FLOW END WALL 

VELOCITY RATIO, qzIw /V+,j ~0.60 

ALL DATA FROM TESTS IN HIGH -REYNOLDS - NUMBER TEST FACILITY 

0.05 0.1 0.2 0.5 

I 

I 

FIG. 3 
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VARIATION 
DENSITY 

FIG. 4 

LESS TIME' CO TANT WITH HEAVY-GAS 
RATIO FOR THE MULTIPLE-FIXED-PORT VORTEX TUBE 

HAVING A j  = 40.2 IN2 AND L/D= 3.0 

HEAVY - GAS INJECTION AT CENTER OF NONAXIAL-FLOW END WALL 

VELOCITY RATIO, Vz,w/V+,j : 1.16 

ALL DATA FROM TESTS IN HIGH-REYNOLDS -NUMBER TEST FACILITY 

OPEN SYMBOLS - UPPER TRAVERSE 
SOLID SYMBOLS - LOWER TRAVERSE 
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NT WITH HEAVY-GAS s.'g'pMi : c.j 
VARP AT I 
DENSITY RATIO FOR THE MULTIPLE-FIXED-PORT VORTEX TUBE 

HAVING Aj = 13.3 IN2 AND L /D=  1.8 

I-!-!-- 

HEAVY - GAS INJECTION AT CENTER OF NONAXIAL- FLOW END WALL 

VELOCITY RATIO, Vz,w /V+,j = 0.387 

ALL DATA FROM TESTS IN HIGH-REYNOLDS-NUMBER TEST FACILITY 

OPEN SYMBOLS - UPPER TRAVERSE 
SOLID SYMBOLS -LOWER TRAVERSE 

0.001 

0.0005 

0.0002 

0.0001 

0.00005 

0.00002 

0.0000 I 
0.05 0. I 0.2 0.5 I 2 

HEAVY-GAS DENSITY RATIO, PF, /pq 
5 
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SYMBOL 
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m m 
W 
-I z 
m z 
W 
H 
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2 
Aj  IN. Vzlw /V+,j ; ReZlw /Re+,>] L / D  

13.3 0.38 I .o 
13. I 0.38 3.0 
20.5 0.60 3.0 
40.2 1.16 3.0 

VARIATION OF DIMENSIONLESS TIME CONSTANT 

FOR THE MULTIPLE-FIXED-PORT VORTEX TUBES 
WITH AXIAL-FLOW REYNOLDS NUMBER 

HEAVY- GAS INJECTION AT CENTER OF NONAXIAL-FLOW END WALL 

HEAVY-GAS DENSITY RATIO, / p  1 0.2 

ALL DATA FROM TESTS IN HIGH -REYNOLDS - NUMBER TEST FACILITY 
F, PI 

0.001 

- 0.0005 

0.0002 

0.0001 

0.00005 

FIG. 6 

20,000 50,000 I 00,000 200,000 
AXIAL- FLOW REYNOLDS NUMBER, Re,,, 

500,000 
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0 
A 

FIG. 7 

13.3 0.38 I .o 
13. I 0.38 3.0 

IO 

I 0 
0 

VARIATION OF CONTAINMENT PARAMETER 
WITH AXIAL- FLOW REYNOLDS NUMBER 

FOR THE MULTIPLE - FIXED -PORT VORTEX TUBES 

20.5 0.6 3 .O 
40.2 1.16 3 .O 

HEAVY-GAS INJECTION AT CENTER OF NONAXIAL-FLOW END WALL 

HEAVY-GAS DENSITY RATIO, pF, /PPI = 0.2 

ALL DATA FROM TESTS IN HIGH- REYNOLDS-NUMBER TEST FACILITY 

2 2 
I o5 5 

AXIAL- FLOW REYNOLDS NUMBER, ReZ, 

5 
I o6 
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CORRELATION OF THE CONTAINMENT PARAMETER 
WITH THE VELOCITY RATIO vz /Vj 

FOR SEVERAL LIGHT-GAS INJECTION C~NFIGURATIONS 

AXIAL-FLOW REYNOLDS NUMBER, ReZ+, : 5.0 x IO4 

HEAVY-GAS DENSITY RATIO, p / p r0.15 
FI 

HEAVY-GAS INJECTION AT CENTER OF NONAXIAL-FLOW END WALL, EXCEPT AS NOTE0 

DATA FROM BOTH HRN AND DWJ TEST FACILITIES 

I SYMBOL I LIGHT-GAS INJECTION CONFIGURATION L / D  TEST FACILITY I 
, 

z 
I 

I-!!- 

I-!!- 

\ 

” 
Q: 
W 
I- 
W 
H 
4 
[L: a a 
I- z 
W 
5 z 
I- z 
- a 
8 

FIG. 8 

0 0.2 0.4 0.6 0.8 I .o 
- 

AVERAGE AXIAL VELOCITY Aj 
AVERAGE LIGHT-GAS INJECTION VELOCITY V (71  16) 7rr,2 

1.2 
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CT OF AXIAL-FLO XHAUST ANNULUS 
ACTERISTICS F 
EX-TUBE CONF 

LENGTH-TO-DIAMETER RATIO, L / D  = 3.0 
AXIAL- FLOW REYNOLDS NUMBER, Re,,,, 2 7.4~10~ 

2 LIGHT-GAS INJECTION AREA, A j  13.1 IN. 

HEAVY -GAS INJECTION CONFIGURATION AT CENTER OF NONAXIAL-FLOW END WALL 

4 
LIGHT-GAS TANGENTIAL INJECTION REYNOLDS NUMBER, Re+,j : 19.2~10 

ALL DATA FROM TESTS IN HIGH -REYNOLDS- NUMBER TEST FACILITY 

OPEN SYMBOLS -UPPER TRAVERSE 
SOLID SYMBOLS -LOWER TRAVERSE 

0.01 

0.005 

0.00 2 

0.001 

0.0005 

0.0002 

0.000 I 
0.01 

FIG. 9 

0.02 0.05 0. I 0 .2  0.5 
HEAVY-GAS DENSITY RATIO, 3s / p 

FI PI 

I 2 



FIG. IO 

EFFECT OF HEAVY -GAS INJECTION WITH SWIRL 
ON CONTAINMENT PARAMETER T / T  5 FI MIN 

LENGTH -TO- DIAMETER RATIO, L /D = 3.0 

LIGHT-GAS INJECTION CONFIGURATION, DWJ - 0 TO 45 DEG 

AXIAL-FLOW REYNOLDS NUMBER, M 42,000 

LIGHT- GAS TANGENTIAL INJECTION REYNOLDS NUMBER, Re+,j x 135,000 

= 0.00032 
rFl MIN 

DIMENSIONLESS TIME CONSTANT FOR FULLY MIXED FLOW, 

I SYMBOL I HEAVY-GAS INJECTION CONFIGURATION 1 A, -IN.2 1 
I 0 I N 0  SWIRL: O.9-IN.-DIA DUCT AT NONAXIAL-FLOW END WALL1 0.634 I 

SWIRL; 4-0.060 IN. x 0.3 IN. JETS AT 0.43-IN. RADIUS I o.475 I 
8 -  0.1 IN. 0.5 IN. JETS AT 1. 12-IN. RADIUS 

IO 

0.05 0.1 0.2 0.5 I 
HEAVY - GAS DENSITY RATIO, / 

FI 

2 
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FLUID lNJECTlON THROUGH STATIONARY CENTERLINE POROUS TUBE 
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